The aging of many mammalian tissues is associated with loss of functional adult stem cells, especially bone marrow-derived mesenchymal stem cells (BMSCs). This study was aimed to analyze the biological effect of chick embryo (CE) and nutrient mixture (NM) on the BMSCs of aging rats. The aging rat model was established to be induced by D-galactose (500 mg/kg/d) for 90 days. Meanwhile, aging rats were fed with CE and NM in different dose manner by intragastric administration. At the end of the experimental period, serum was collected from rats and used for BMSCs culture. Flow cytometric analysis was used to investigate the BMSCs surface markers. Alizarin Red and oil red O staining were performed to evaluate the multi-lineage differentiation of BMSCs. The results showed that CE plus NM increased the telomere length of BMSCs and promoted BMSCs proliferation. Moreover, CE plus NM administration promoted BMSCs differentiation into osteoblasts and suppressed differentiation into adipocytes. High-throughput sequencing analysis revealed that there were 326 genes were up-regulated and 59 genes were down-regulated in BMSCs of aging rats treated with CE plus NM. In conclusion, CE plus NM supplement had potential to delay aging through the recovery of BMSCs senescence and could be used as a safe effective approach for nutritional therapy of anti-aging.
required for the development and survival of mammalian cells 13 . Chothe et al. reported that there nutrient elements have an important role in differentiation of BMSCs into osteoblasts and osteocytes, cell proliferation and collagen synthesis 14 . Our previous data showed nutrient mixture supplementation was contributed to promote peripheral blood cells production and marrow nucleated cells proliferation, increase primitive hematopoietic progenitors as well as repair mitochondrial dysfunction in aplastic anemia mice 15, 16 . Furthermore, the chick embryo and nutrient mixture has exhibited synergistic role in aging rats by improving immune function, increasing the antioxidant enzyme activity and repairing organs damage. However, the effects of chick embryo and nutrient mixture on recovering BMSCs potential from senescence and then delaying animal aging have not yet been reported.
In the present study, the aging rat model was established to explore the effect of CE and NM (containing various kinds of amino acids, nucleotides, vitamins, trace elements, soybean phospholipid, pentose, niacin, L-carnitine etc.) on BMSCs from aging rats. Our data gave the proof that nutritional support might contribute to delay BMSCs senescence and serve as a therapy of anti-aging.
Results

Identification of BMSCs and telomere length in aging rats. Flow cytometry analysis showed that
BMSCs expressed the main positive markers CD44 and CD90. The frequency of CD44 and CD90 positivity was 94.81% and 96.24% in the BMSCs, respectively (Fig. 1A) . The main negative markers CD34 and CD45 were expressed in BMSCs only 0.85% and 2.31%, respectively. These results indicated that the cells obtained from rat bone marrow displayed stem cell markers.
Telomere becomes progressively shortened with replication of cells and this feature is widely used to evaluate senescence. The effect of CE and NM on telomere length was evaluated in BMSCs from D-gal-induced rat (Fig. 1B) . Expectedly, the relative telomere length was reduced in the D-gal group compared to the control group (*P < 0.05). Compared with D-gal group, the samples in CE and NM treatment groups significantly inhibited telomere shortening (*P < 0.05). Collectively, nutritional supplement of CE plus NM effectively ameliorated telomere shortening.
CE and NM supplement promote BMSCs proliferation. To explore the BMSCs activity among the groups, we performed proliferation assays. According to the results of the CCK8 assay in Fig. 2A , BMSCs started to proliferate in 2-4 days, and the growth continued until the end of the experiment. BMSCs had proliferative potential, although the proliferative capacity was different among the groups. D-gal administration led to significant inhibition of BMSCs proliferation compared to the control group (*P < 0.05). Compared with BMSCs of D-gal-induced rat, the proliferative rate of BMSCs was increased in CE and NM treatment groups (*P < 0.05), while the CE combined with NM group facilitated faster BMSCs proliferation.
To further investigate whether the colony-forming capacity of BMSCs in D-gal rats was associated with CE and NM supplement, the colony formation assay was performed. The colony-forming capacity was decreased in BMSCs of D-gal group compared to the control group (Fig. 2B , *P < 0.05). Interestingly, an increase of colony-forming capacity were observed in D-gal-induced rat treated with CE and NM (*P < 0.05). Thus, CE plus NM supplement could better promote the proliferation of BMSCs in D-gal-induced rat. The relative telomere length was calculated as the ratio of telomere repeats to a single-copy gene. CE and NM supplement inhibited telomere shortening in aging rat BMSCs. Data were the means ± SD of triplicate determinants (*P < 0.05).
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CE and NM supplement inhibit the differentiation of BMSCs into adipocytes in aging rats. Oil red O staining was applied to evaluate the effects of CE and NM on adipogenic potential of BMSCs. As shown in Fig. 4A , the formation of adipocytes was obviously increased in the D-gal group than that in the control group. Furthermore, a decrease in quantity of red oil drops was showed in the CE and NM treatment groups. Subsequently, the adipocyte-specific genes PPARγ and C/EBPα were analyzed. As shown in Fig. 4B , the levels of PPARγ and C/EBPα mRNAs were up-regulated in the D-gal group compared with the control (*P < 0.05). On the contrary, PPARγ and C/EBPα were down-regulated by CE and NM treatment (*P < 0.05). These data showed that CE and NM played an inhibitory role in adipogenic differentiation of BMSCs, while the effect was more remarkable in CE plus NM treatment group. CE and NM supplement mediate gene expression of BMSCs in aging rats. In order to assess the validity of CE and NM supplement against gene expression in aging rats, the genes of BMSCs were analyzed by high-throughput sequencing analysis. Differential expression of genes was shown by cluster analysis and volcano plot distribution. Volcano plot distribution showed that 1393 genes were up-regulated, while 1662 genes were down-regulated in D-gal group compared with control group (Fig. 5A) . In comparison to D-gal group, 363 genes were up-regulated and 67 genes were down-regulated in D-gal + CE + NM group. In addition, cluster analysis of differentially expressed genes showed 59 genes were highly expressed in BMSCs of D-gal group when compared with control group, while those expression in the D-gal + CE + NM group was low (Fig. 5B) . In comparison to control group, 326 genes were significantly lower in D-gal group. The 326 genes were increased in D-gal + CE + NM group compared to D-gal group. Among the 59 genes, 5 genes (>3 folds) were further selected to confirm whether CE plus NM supplement mediated aging progression ( Table 1 ). The mRNA levels of MNAT1, PAM16, SF3A3, EIF2A and LSM5 were up-regulated in D-gal group, while these mRNA were down-regulated in D-gal + CE + NM group (Fig. 5C) . Of 326 genes, we selected 5 genes (>5 folds, Table 2 ). The results showed that the mRNA levels of BMP6, KSR1, TRAM2, ADCY9 and LRP1 were reduced in D-gal group compared to control group. In contrast, these mRNAs were restored in D-gal + CE + NM group.
The protein levels of these ten molecules were further confirmed by western blot. MNAT1, PAM16, SF3A3, EIF2A and LSM5 showed enhanced expression in D-gal group compared to control group, and declined levels in response to CE plus NM treatment (Fig. 5D ). BMP6, KSR1, TRAM2, ADCY9 and LRP1 levels were down-regulated in D-gal group compared to control group, while these proteins were up-regulated in D-gal + CE + NM group. In short, CE plus NM supplement mediated gene expression of BMSCs in aging rats. 
Discussion
Increasing studies have demonstrated adult stem cells, including BMSCs, suffered the effect of ageing and reduced their self-renewal and differentiation capacity 17 . The extrinsic cellular factors were indispensable for maintaining BMSCs function 18 . Serum from old mice markedly induced BMSCs dysfunction 19 . Thus, nutritional therapy was valuable in improving bone marrow microenvironment and counteracting BMSCs degeneration to prevent aging. Our current study demonstrated that chick embryo from egg contained different growth factors, such as stem cell factor (SCF), nerve growth factor (NGF), epidermal growth factor (EGF), interleukin-4 (IL-4) and interleukin-2 (IL-2), played crucial role in proliferation, differentiation and survival of different cells 20 . Indeed, taurine was proved having the proliferation promoting and anti-replicative senescence effect on rat BMSCs 21 . Vitamin C supplementation significantly rescued the BMSCs from oxidative stress by regulating autophagy 22 . Moreover, Zn stimulated differentiation and proliferation of osteoblasts by effectively inhibiting osteoclastic and Halimeh and colleagues demonstrated that L-carnitine supplementation created favorable condition for the growth and survival of rat adipose tissue derived mesenchymal stem cell, and decreased oxidative damage in aging process 24 . Considering that, to better elucidated the effect of functional food on the BMSCs of D-gal-induced aged rat model, we chose to administer CE and NM (52 ingredients, including different amino acids, nucleotides, vitamins, trace elements, soybean phospholipid, pentose, niacin, L-carnitine etc.) in the daily diet of aging rats.
The BMSCs were positive for CD44, CD90 and nearly negative for CD34 and CD45, Which were regarded as the specific markers of BMSCs 25 . In this study, the cultured cells expressed CD44 and CD90 but not CD34 and CD 45, which was in agreement with previous findings. Telomere shortening was now regarded as being a key determinant of an organism's life expectancy and overall health 26 , and limited BMSCs function during aging. Folate concentration was linked with telomere length and maintained telomere integrity in aging 27 . Farahzadi R et al. reported that Zinc sulfate promoted telomere length extension via increasing telomerase gene expression 28 . Furthermore, the dietary antioxidants supported the maintenance of telomere length, particularly vitamin and soybean phospholipid 29 . In the present study, CE plus NM could effect on the relative telomere length of BMSCs. Factors including age and culture condition affected the proliferation and differentiation of BMSCs 30 . The proliferative rate of BMSCs from young rats was higher than those obtained from elder rats 31 . Jiang et al. indicated that Vitamin D remarkably promoted BMSC viability, migration and chondrogenic differentiation 32 . In this work, we developed an aging rat model induced by D-gal, which was now recognized as an inducer of aging reagents that was accelerated senescence in rats 33 . The BMSCs from D-gal-induced rat impaired functional properties in proliferation and colony-forming capacity. Whereas CE plus NM supplement rescued the inhibitory effect of BMSCs growth in D-gal-induced rat, suggesting that proliferative behavior of BMSCs was mediated at least in part by CE plus NM supplement.
It was reported that the biological behavior of BMSCs have age-related changes, namely the osteogenic and adipogenic transdifferentiation. The osteogenic tendency of aging was decreased, while the adipogenic tendency was increased 34 . Wang et al. found that melatonin inhibited the adipogenic differentiation of ferric ammonium 36 . In this study, CE plus NM supplement accelerated osteoblast and inhibited adipocyte differentiation. Correspondingly, CE plus NM supplement promoted the expression of osteogenesis-related markers, while suppressed the adipocyte gene expression. Thus, CE plus NM treatment was potential to recover the differentiation of BMSCs from aging rats.
Aging-related genes affected BMSCs proliferation and differentiation 37 . Histone acetylation modulated gene expression in MSCs, thereby regulating aging 38 . In this study, the differential genes from BMSCs were analyzed. 59 genes were highly expressed and 326 genes were low expressed in BMSCs when compared with D-gal group to healthy control. While 59 genes were low expressed and 326 genes were highly expressed in CE plus NM supplement group compared to D-gal group. The differentially expressed 10 genes were selected to further be verified. PAM16 gene encoded a mitochondrial protein involved in granulocyte-macrophage colony-stimulating factor (GM-CSF) signaling 39 . According to free radical theory of aging, ROS have been proposed as being critical causes of aging, while PAM16 might be important in reactive oxygen species (ROS) homeostasis 40 . Alternative splicing of EIF2A resulted in multiple transcript variants, and affected protein translation and played a deleterious role in aging process 41, 42 . BMP6 regulated biological processes including iron homeostasis, fat and bone development 43, 44 . LRP1 was involved in several cellular processes and was decreased in aging 45 . Therefore, CE plus NM might be revert aberrant gene expression, extend longevity, and potentially remedy age-related diseases.
In conclusion, CE plus NM supplement played a critical role in regulating the proliferation and differentiation, and mediated aberrant gene expression of BMSCs in aging rats, providing a new view to understand the protecting and nourishing effect of CE plus NM on BMSCs in aging.
Materials and Methods
Chick embryo and nutrient mixture. Chick embryo eggs and nutrient mixture was supplied by Dalian Jinfu Biological Technology Development Co., Ltd (Dalian, China). Our previous research showed that the chick embryo contained the most abundant growth factors on the third day of incubation. Considering that, chick embryo on the third day of incubation was selected for further experiments. Nutrient mixture was composed of different amino acids, nucleotides, vitamins, trace elements, soybean phospholipid, pentose, niacin etc. (Table 3 ).
Animal and treatment. Experiments were approved by the Animal Studies Ethics Committee of the Dalian
Medical University, China (registered number SYXK 2013-0006). All experiments were performed in accordance with relevant guidelines and regulations. The male SD rats (mean body weight 189.5 ± 21.6 g) were obtained from Animal Facility of Dalian Medical University. 75 rats were randomly divided into five groups with fifteen in each group: Control group, D-gal model group (D-gal) and three D-gal rat groups with chick embryo and nutrient mixture supplement in different doses (chick embryo plus nutrient mixture, chick embryo and nutrient mixture group). Except control group, the other four experimental groups were injected with D-gal (500 mg/kg/ day, Sigma, St Louis, MO, USA) for 90 days. The control group was treated with the same volume of physiological saline. The rat of chick embryo group (D-gal + CE) was received daily intragastric administration of 1 ml embryonic chick extract for 90 days. The rat of NM (D-gal + NM) group was fed with NM in a different dose (1-15 days, 0.3816 g/d; 16-30 days, 0.7632 g/d; 30-90 days, 1.1448 g/d) by intragastric administration. The rat of CE plus NM group (D-gal + CE + NM) was received intragastric administration of CE plus NM. The control group and D-gal group were given equal volume of physiologic saline supplemented diet. Besides these extra CE and NM, rats were received a regular diet. After treatment with physiological saline, CE and NM for 90 days, the rats were humanely euthanized and then were determined in the following experiments.
Isolation of serum. Blood was collected from SD rats in each group by extracting the eyeball blood. Blood was clotted at 37 °C for 4 h. Serum was isolated after centrifugation (10000 rpm for 15 min). Supernatant was collected. Serum from rats was added to the culture of BMSCs in groups.
Isolation and culture of BMSCs. The femoral bones were separated out from SD rats, soaked in 75% alcohol, and flushed three times in phosphate buffer solution (PBS). Bone marrow cell suspension were prepared by flushing the diaphysis with F-12K and 10% fetal bovine serum (FBS) through syringe needles for three to five times. Bone marrow cells were plated in 75 cm 2 tissue flasks in 10 ml of BMSCs media at 37 °C with 5% CO 2 . After 72 h, the supernatant and non-adherent cells were removed and fresh medium was added. When BMSCs achieved 85% confluence, adherent cells were trypsinized and collected for further assays. In the present study, the cells from passages 2 to 4 were used for subsequent experiments.
Telomere length analysis. The relative telomere length was measured using the fluorescence quantitative polymerase chain reaction (PCR). The relative telomere length was calculated as the ratio of telomere repeats to a single-copy gene (SCG) (T/S). The upstream primer sequence and downstream primer sequence of telomere gene was as follows: 5′-CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT-3′ and 5′-GGCTT GCCTTACCCTTACCCTTACCCTTACCCTTACCCT-3′. The upstream primer sequence and downstream primer sequence of the single gene (36B4) was as follows: 5′-AGCGGACCAAACATCCTAACC-3′ and 5′-CATAGGCCCCTGTCACACTCTG-3′. All quantitative (q) PCR were performed on the Thermal Cycler Dice Real time System Single and Lite (TaKaRa, Kyoto, Japan). The cycling profile for the telomere PCR was follows: 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 60 s. Each sample contained three parallel samples, and the average value was taken to calculate T/S.
Flow cytometry. Surface markers of BMSCs were identified using flow cytometric analysis. Approximately 1 × 10 6 BMSCs were collected from the passage 2 cultures and washed twice with PBS 46 . After removing the supernatant, the cells were preincubated with 5% BSA for 30 min to block nonspecific binding. The antibodies, including CD44, CD90, CD34 and CD45 conjugated to FITC (BioLegend, USA), were added and incubation for 90 min at 37 °C. After washing with PBS, 500 μl of solution buffer was added to cell pellet and the cells were transferred to flow cytometry tubes. Then, cells were analyzed by a fluorescence-activated cell-sorting (FACS) flow cytometer (BD, Biosciences, CA, USA).
Cell proliferation. Cell proliferation was measured using cell counting kit-8 (CCK8; KeyGEN, Nanjing, China) according to the manufacturer's instruction. BMSCs were trypsinized and seeded in 96-well culture plate at the density of 1 × 10 3 cells per well. The media were replaced every 2 days. Cell proliferation was tested on days 2, 4, 6, 8, 10, 12 and 14 days. 10 μl CCK8 were added to the wells and cultured for an additional 4 h. Then the absorbance was determined at 450 nm using a microplate reader (Bio-Rad Laboratories Inc, Hercules, CA, USA). Each count was an average of three repeats.
Colony formation assay. Colony formation assay was performed to measure the capacity of cell proliferation. Cells (1 × 10 3 cells/well) were plated in 6-well plates. The cultures were maintained in the F-12K containing 10% FBS and rat's serum, with medium changed every 3 days, until the appearance of foci from transformed cells was evident. Cell colonies were fixed with 10% formaldehyde for 40 min, stained with 0.1% crystal violet at room temperature for 20 min, and then photographed.
Osteoblast differentiation of BMSCs. For osteoblast differentiation, the densities of BMSCs reached 2 × 10 5 cells/well (passage 4) were plated in 12-well plates. When the culture was at approximately 65-75% confluence, the growth medium was replaced with osteoblast differentiation medium composed of DMEM supplemented with 10% FBS, 10 mM beta glycerophosphate, 50 μg/mL L-ascorbic acid-2-phosphate, 10 nM dexamethasone (Sigma-Aldrich, Denmark) and rat's serum. The medium was changed every three days during induction period. Alizarin Red staining (Sigma Aldrich ™ ) were performed for the visualization of calcium nodules.
Osteoblasts were fixed with 10% paraformaldehyde for 40 min at room temperature, rinsed with PBS, and stained with 0.1% Alizarin Red for 10 min. Images were captured using a digital camera system (Olympus DP12-2) coupled to an inverted optical microscope (Olympus CKX41-Olympus Optical CO., Ltd.; Japan).
Adipocyte differentiation of BMSCs. The 4 × 10 4 /well cells (passage 4) in 6-well plates were incubation and allowed to reach 65-75% confluent. Adipocyte was induced by the adipogenic differentiation medium composed of 10% FBS, 0.5 mmol/L 1-methyl-3-isobutylxanthine (IBMX), 1 μmol/L dexamethasone, DMEM supplemented with 10 mg/L insulin and rat's serum. After BMSCs were incubated with adipogenic-induction medium for 14 days, cells were fixed with 10% formaldehyde for 40 min. Followed by washing with PBS and were stained with 0.3% oil red O (Sigma Alrich, St Louis, MO, USA) solution for 30 min at room temperature. Images were captured and observed.
High-throughput sequencing analysis. Total RNA was extracted from BMSCs with Trizol reagent according to the manufacturer's instruction. Sequencing library was generated using NEBNext Ultra RNA Library Prep Kit (Illumina, NEB, USA) and index codes were added to attribute sequences to each sample. First strand cDNA was synthesized using random hexamer primer and M-MuLV Reverse Transcriptase (RNase H − ). Second strand cDNA synthesis was subsequently performed using DNA Polymerase I and RNase H. Remaining overhangs were converted into blunt ends via exonuclease/polymerase activity. PCR products were purified (AMPure XP system) and library quality was assessed on the Agilent Bioanalyzer 2100 system.
Quantitative real-time PCR (qRT-PCR).
Total RNA was isolated from cultured cell using Trizol reagent, and cDNA was synthesized with QuantiTect Reverse Transcription Kit (QIAGEN, Valencia, CA) according to the manufacturer's instruction. qRT-PCR was carried out using SYBR-Green-quantitative real-time PCR Master Mix kit (Toyobo Co., Osaka, Japan) and normalized to GAPDH. The relative expression levels of each target gene were determined by using Biosystems 7300 Real-Time PCR system (ABI, Foster City, CA, USA).
Western blot. Total protein was extracted, separated by 10% SDS polyacrylamide gel electrophoresis and transferred to PVDF membrane (Millipore, Bedford, MA, USA). Membranes were blocked with 5% non-fat dry milk in TBST and were incubated with following primary antibodies: anti-MNAT1 antibody, anti-EIF2A
Scientific RePoRts | (2018) 8:7051 | DOI:10.1038/s41598-018-25563-w antibody, anti-KSR1 antibody, anti-ADCY9 antibody and anti-kLRP1 antibody (1:1000 Abcam, Cambridge, UK), anti-PAM16 antibody, anti-SF3A3 antibody, anti-LSM5 antibody and anti-TRAM2 antibody (1:800 Abcam, Cambridge, UK), anti-BMP6 antibody (1:400 Abcam, Cambridge, UK), anti-GAPDH antibody (1:2000 Bioworld, Minnesota, USA) at 4 °C overnight. Secondary antibodies were added, and the bands were visualized using the enhanced chemiluminesczence (Amersham Biosciences, Buckinghamshire, UK). GAPDH was used as the loading control.
Statistical analysis. Each experiment was performed at least in triplicate, and the measurements were performed in three independent experiments. Data are expressed as means ± standard deviation (SD). Student's t-test was used to compare the means of two groups. P < 0.05 was considered statistically significant. All analyses were performed using SPSS 17.0 statistical packages (SPSS Inc., Chicago, IL).
Data availability statement. The datasets generated and analyzed during the current study are available from the corresponding author on reasonable request.
